SIRT1 is a mammalian homolog of the Saccharomyces cerevisiae chromatin silencing factor Sir2. Dominant-negative and overexpression studies have implicated a role for SIRT1 in deacetylating the p53 tumor suppressor protein to dampen apoptotic and cellular senescence pathways. To elucidate SIRT1 function in normal cells, we used gene-targeted mutation to generate mice that express either a mutant SIRT1 protein that lacks part of the catalytic domain or has no detectable SIRT1 protein at all. Both types of SIRT1 mutant mice and cells had essentially the same phenotypes. SIRT1 mutant mice were small, and exhibited notable developmental defects of the retina and heart, and only infrequently survived postnatally. Moreover, SIRT1-deficient cells exhibited p53 hyperacetylation after DNA damage and increased ionizing radiationinduced thymocyte apoptosis. In SIRT1-deficient embryonic fibroblasts, however, p53 hyperacetylation after DNA damage was not accompanied by increased p21 protein induction or DNA damage sensitivity. Together, our observations provide direct evidence that endogenous SIRT1 protein regulates p53 acetylation and p53-dependent apoptosis, and show that the function of this enzyme is required for specific developmental processes.
SIRT1 is a mammalian homolog of the Saccharomyces cerevisiae chromatin silencing factor Sir2. Dominant-negative and overexpression studies have implicated a role for SIRT1 in deacetylating the p53 tumor suppressor protein to dampen apoptotic and cellular senescence pathways. To elucidate SIRT1 function in normal cells, we used gene-targeted mutation to generate mice that express either a mutant SIRT1 protein that lacks part of the catalytic domain or has no detectable SIRT1 protein at all. Both types of SIRT1 mutant mice and cells had essentially the same phenotypes. SIRT1 mutant mice were small, and exhibited notable developmental defects of the retina and heart, and only infrequently survived postnatally. Moreover, SIRT1-deficient cells exhibited p53 hyperacetylation after DNA damage and increased ionizing radiationinduced thymocyte apoptosis. In SIRT1-deficient embryonic fibroblasts, however, p53 hyperacetylation after DNA damage was not accompanied by increased p21 protein induction or DNA damage sensitivity. Together, our observations provide direct evidence that endogenous SIRT1 protein regulates p53 acetylation and p53-dependent apoptosis, and show that the function of this enzyme is required for specific developmental processes.
I
n Saccharomyces cerevisiae, the silent information regulator (Sir) 2 functions as a nicotinamide adenine dinucleotidedependent histone deacetylase (HDAC) (1) , and regulates chromatin silencing (2, 3) . Yeast strains with abnormal levels of Sir2 display defects in multiple cellular functions, including transcriptional and recombinational silencing, senescence, and DNA repair (2, 3) . Sir2-dependent silencing at the rDNA locus suppresses recombination between rDNA repeats and thereby inhibits recombinational excision of extrachromosomal rDNA circles, the accumulation of which regulates longevity (4) . At telomeres, Sir2 is required for establishment and maintenance of telomeric heterochromatin; and, at the mating type loci, Sir2-dependent silencing regulates mating status (2, 3) . These functions of Sir2 link it to maintenance of genomic stability by multiple mechanisms. Early studies also suggested that Sir2 functions in DNA repair (5) (6) (7) . A protein complex containing Sir2 was reported to translocate to DNA double-strand breaks (DSBs) (6, 7) . In addition, Sir2-deficient strains showed defects in the nonhomologous end-joining (NHEJ) pathway of DNA DSB repair (5), a process which, in mammals, regulates the lymphocyte-specific variable (diversity) joining [V(D)J] recombination and immunogloblulin heavy-chain class switch recombination (CSR) processes (8, 9) . However, more recent evidence indicates that the NHEJ defects in Sir2-deficient yeast are largely secondary to derepression of silent mating type genes, which down-regulate NHEJ (10) (11) (12) .
In mammalian genomes, seven Sir2 homologs (SIRTs 1-7) have been identified, and could be orthologs of Sir2 with potential roles in regulating chromatin silencing, genomic stability, and cellular or organismal senescence (13, 14) . However, relatively little is understood about the substrates and functions of SIRTs. Several SIRTs can deacetylate histones in vitro (1), but none have yet been shown to function as physiologic HDACs. SIRTs 2 and 3 are cytoplasmic proteins. SIRT2 has been shown to have a role in tubulin deacetylation, whereas SIRT3 is a mitochondrial protein with as-yet-unidentified substrates (15) (16) (17) . Of the seven SIRTs, SIRT1 is the presumed ortholog of Sir2, because it has the most sequence similarity (13) . However, in contrast to the critical role Sir2 plays in gene silencing in yeast, studies of a SIRT1-deficient mouse, generated by gene-targeted mutation, failed to find a global defect in gene silencing (18, 19) . Instead, the most notable defects in this SIRT1-mutant mouse line were persistent eyelid closure and infertility (18) . In addition, depending on the genetic background, SIRT1 deficiency resulted in early postnatal lethality, although the cause of this lethality was unclear (18) . In this previous study (18) , SIRT1 was found to be widely expressed during early embryogenesis and in adult germ cells, but not in somatic tissues beyond midgestation or the adult mouse.
Several studies have implicated SIRT1 in regulating the tumor suppressor p53 (20) (21) (22) . In response to DNA damage and other cellular stresses, p53 is stabilized and activated to trigger apoptosis and cell-cycle arrest (23, 24) . In addition, p53-dependent apoptosis is also implicated in monitoring spontaneous DNA damage; for example, during neurogenesis (25, 26) and spermatogenesis (27) . In the latter context, the infertility of the previously described male SIRT1 mutant mice was attributed to increased p53-dependent spermatocyte apoptosis, although p53 in these mice was not directly analyzed (18) . Overexpression and dominant-negative strategies have found that SIRT1 can deacetylate p53 both in vitro and in cell culture overexpression experiments (20) (21) (22) . Acetylation of p53 occurs on multiple lysine residues, including K320, K373, and K382 in human p53, corresponding to K317, K370, and K379, respectively, in murine p53 (23, 24, 28) . Although the specific consequence of p53 acetylation is not known, it correlates with p53 stabilization and activation (23, 24, 28) . In this regard, SIRT1 overexpression was shown to inhibit p53 transcriptional activity and p53-dependent apoptosis in response to DNA damage and oxidative stresses, whereas overexpression of a catalytically inactive SIRT1 protein potentiated these cellular stress responses (20, 21) .
Although the previous overexpression and dominant-negative studies clearly link SIRT1 function to p53 regulation, they did not completely rule out potential nonphysiologic effects of the overexpressed proteins. Similarly, the phenotypes described in the SIRT1 mutant mouse study (18) could also reflect nonphysiologic or dominant-negative effects, because the SIRT1 mutation consisted of an internal 76-aa deletion predicted to leave behind 90% of the WT SIRT1 protein. To study the function of SIRT1, we have used gene targeting to generate two different SIRT1 mutations, one which expressed a mutant protein lacking part of the catalytic domain, and one which eliminates all protein expression. These different mutations allow us to compare potential dominant-negative effects of mutant SIRT1 protein with complete loss of SIRT1 expression. Our findings provide direct evidence that endogenous SIRT1 protein plays critical and specific roles during development, and regulates acetylation of endogenous p53 protein.
Materials and Methods
Targeting Constructs. The KOII and SKO targeting vectors were constructed in pLNTK (29) . The 5Ј KOII homology arm is a 2.6-kb SacI͞HindIII genomic fragment. The 3Ј KOII homology arm is a genomic fragment from the HindIII site upstream of SIRT1 exon 4 extending 3.6 kb (to just upstream of the BglII site), with a loxP site replacing the BglII site immediately downstream of exon 4. The 5Ј SKO and 3ЈSKO homology arms (6-kb HindIII͞HindIII and 3.8-kb PacI͞PacI genomic fragments, respectively) were amplified from 129͞Sv genomic DNA.
Gene Targeting and Generation of Embryonic Stem (ES) Cells. The KOII and SKO targeting vectors were electroporated into TC1 ES cells (30) as described (31) . Targeted KOII clones were identified by Southern blotting by using the 5ЈKOII probe on BamHI-digested genomic DNA (20.6-kb germ line and 16.7-kb targeted), and confirmed with 3ЈKOII and Neo probes. Targeted KOII clones were infected with AdenoCre to remove the Neo R gene and exon 4. Deleted SIRT1 ϩ/⌬ex4 clones were identified by Southern blotting of BglII-digested genomic DNA with an internal 1.5-kb RI͞SalI fragment as probe (3.4-kB germ line, 9.9-kB targeted, and 7.4-kB deleted). Targeted (SIRT1 ϩ/⌬neo ) and Cre-deleted (SIRT1 ϩ/⌬ ) SKO clones were identified by Southern blotting by using the 5ЈSKO probe on BglI͞SwaI-digested genomic DNA (17.4-kB germ line, 12.4-kB targeted, 14.7-kB Cre-deleted), and confirmed with 3ЈSKO and Neo probes. Independent SIRT1 ϩ/⌬ex4 , SIRT1 ϩ/⌬neo , and SIRT1
ϩ/⌬ ES cell clones were injected into C57BL͞6 blastocysts. Founder chimeras were bred to 129͞Sv females and the F1 heterozygotes were intercrossed. SIRT1 ⌬ex4/⌬ex4 ES cells were generated by the high G418-selection method (32) .
Analysis of p53 Acetylation. Mouse embryonic fibroblasts (MEFs) isolated from embryonic day (E)12.5 (SIRT1 ϩ/⌬ex4 crosses) or E13.5 (SIRT1 ϩ/⌬ crosses) embryos were treated with adriamycin (0.2 g͞ml for 8 h) or UV-irradiated (25 J͞m 2 for 18 h). The HDAC inhibitor trichostatin A (TSA) was added (5 M) for the last 2 h of culture as indicated. Acetylated p53 was detected by Western analysis of whole-cell extracts or p53 immunoprecipitations (IPs) as described (33, 34) . SIRT1 ⌬ex4/⌬ex4 and WT TC1 ES cells were differentiated into fibroblast-like cells with retinoic acid and assayed for p53 acetylation as described (33) (34) (35) . Antibodies against p53(Ac-317), p53(AcK-379), and p53(Ser-18-P) were described (33, 34) . Antibodies against murine p53(Ac-K370) corresponding to human p53(Ac-K373) (Upstate Biotechnology, Lake Placid, NY), SIRT1 (Upstate Biotechnology), tubulin (Sigma), p21 (Ab-4; Oncogene Research Products), and p53 (CM-5; NovoCastra, Newcastle, U.K.) were purchased commercially. Retroviral Infection. SIRT1 cDNA was cloned into pBabe-puro. Virus was packaged in 293T cells by cotransfection with VSV-G and Gag-Pol expressing plasmids, as described (36) . MEFs were infected by incubation with virus and 2 g͞ml polybrene, and 48 h later, were selected in 2.5 g͞ml puromycin.
Thymocyte Apoptosis Assays. Thymocytes (2 ϫ 10 6 cells) from 2-to 3-week-old mice were irradiated at different doses, cultured for 12 h, and apoptosis assayed as described (37) .
Histological Analysis. Mouse tissue was fixed in Bouin's fixative (body) or 4% paraformaldehyde (eye), embedded in paraffin, sectioned at 6 m, and hematoxylin͞eosin staining was performed by standard methods.
Results

Expression of SIRT1 in Mice.
To characterize SIRT1 expression patterns, we performed Western analyses with anti-SIRT1 antibody on extracts from a variety of adult murine tissues. In contrast to the results of previous studies (18, 19) , these assays revealed readily detectable SIRT1 protein in many adult mouse tissues, including thymus and spleen (Fig. 1A) .
Generation of SIRT1-Deficient Mice. To study the function of SIRT1, we used gene targeting to generate two different SIRT1 mutations, one which expresses a mutant protein, and one which eliminates all protein expression. These different mutations allow us to compare potential dominant negative effects of mutant SIRT1 protein with complete loss of SIRT1 expression.
The targeting vector KOII (Fig. 1B ) was designed to conditionally delete SIRT1 exon 4, which encodes 51 amino acids of the conserved SIRT1 catalytic domain. Targeting and Credeletion of TC1 ES cells (see Materials and Methods) resulted in cells harboring the SIRT1 ⌬ex4 allele; these cells express the expected mutant protein, which migrates slightly faster than WT SIRT1 on Western analysis (Fig. 1D) . Because the aberrant SIRT1 ⌬ex4 protein might retain partial function or have dominant-negative activity, we also designed a second targeting construct (SKO) to completely abolish SIRT1 protein expression (Fig. 1E) . Targeted heterozygous ES cells, either containing a LoxP-pgk-Neo R selection cassette (SIRT1 ϩ/⌬neo ), or with this cassette removed through Cre-deletion (SIRT1 ϩ/⌬ ) (Fig. 1F) , were used to generate SIRT1 ϩ/⌬neo and SIRT1 ϩ/⌬ mice, respectively. Western analysis with an antibody specific for the SIRT1 N terminus revealed that SIRT1 ⌬/⌬ MEFs expressed no detectable SIRT1 protein (Fig. 1G ).
Developmental Defects in SIRT1-Deficient Mice. We intercrossed SIRT1 ϩ/⌬ex4 , SIRT1 ϩ/⌬ , and SIRT1 ϩ/⌬neo mice, respectively; although we have analyzed larger numbers of offspring from the SIRT1 ϩ/⌬ex4 crosses, we have, where examined, found similar results with all crosses (see below). Consistent with previous reports (18) , genotyping of offspring from SIRT1 ϩ/⌬ex4 crosses revealed poor representation of SIRT1 ⌬ex4/⌬ex4 mice, which comprised only 10% of the pups born, 67% of which died within the first week after birth (see Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org). In contrast, SIRT1 ⌬ex4/⌬ex4 embryos were present at approximately Mendelian ratios, even at late stages of gestation (E18.5). Thus, the paucity of SIRT1 ⌬ex4/⌬ex4 neonates is likely due to early postnatal lethality.
The SIRT1 ⌬ex4/⌬ex4 mice and embryos were significantly smaller than littermate controls at all stages analyzed, they sometimes exhibited exencephaly, and had dramatically reduced sperm numbers ( Fig. 2A and data not shown) , which was consistent with findings of a previous study (18) . In contrast to the earlier study, we did not observe lung or pancreatic defects, but we frequently observed cardiac defects, in SIRT1 ⌬ex4/⌬ex4 mice. Of five E18.5 SIRT1 ⌬ex4/⌬ex4 embryos analyzed, one had a clear ventricular septal defect (VSD; Fig. 2F ), one had an atrial septal defect (ASD; data not shown), and three had abnormally elongated atrioventricular valves and probable VSDs (Fig. 2G) . Notably, the few SIRT1 ⌬ex4/⌬ex4 mice that survived to adulthood did not have noticeable cardiac defects (data not shown).
Although we have not analyzed hearts of SIRT1
⌬/⌬ embryos, an E18.5 SIRT1 ⌬neo/⌬neo embryo had a clear ASD (data not shown). Thus, our preliminary analyses suggest that SIRT1 likely plays an important role in cardiac septation, and suggests that cardiac defects in SIRT1-deficient mice might contribute to their neonatal lethality.
We consistently observed eye abnormalities in SIRT1 ⌬ex4/⌬ex4 mice, which appear to be primary developmental defects, because they were observed in SIRT1 ⌬ex4/⌬ex4 embryos at all stages analyzed, from E12.5 to E18.5 ( Fig. 2 B-E) . On gross examination, SIRT1 ⌬ex4/⌬ex4 eyes from E16.5 embryos were small, irregularly shaped, and exhibited abnormal closure of the optic fissure (Fig. 2B) . By histological analyses of adult eyes, multiple retinal cell layers were significantly thinner in SIRT1 ⌬ex4/⌬ex4 than in SIRT1 ϩ/ϩ eyes, and in some areas, the inner and outer nuclear layers were disorganized, with abnormal rosette-like structures ( Fig. 2 C and D) . In addition, the inner and outer segments of photoreceptor cells were difficult to discern (Fig. 2D) . Similarly, in E13.5 SIRT1 ⌬/⌬ and E18.5 SIRT1 ⌬neo/⌬neo embryos, eye morphogenesis was also dramatically perturbed, with multiple retinal involutions (Fig. 2E ). These observations indicate that SIRT1 has an important role in eye morphogenesis.
Given the role of Sir2 in recombination in S. cerevisiae, we asked whether V(D)J recombination, which relies on NHEJ (8), or lymphocyte development, is altered by SIRT1-deficiency in the mouse. Analyses of SIRT1 ⌬ex4/⌬ex4 mice revealed, at least at a gross level, normal development of T and B lymphocyte populations as analyzed by expression of stage-specific lymphocyte markers (see Fig. 5 , which is published as supporting information on the PNAS web site). In addition, SIRT1 ⌬ex4/⌬ex4 ES cells, generated by the high G418-selection method (32) , showed approximately normal ability to generate V(D)J coding and recombination signal joins, as assessed by an extrachromosomal substrate assay (see Table 2 , which is published as supporting information on the PNAS web site). Finally, Ig heavy chain CSR, a B lymphocyte-specific recombination process distinct from V(D)J recombination (9), was not grossly affected by SIRT1-deficiency (see Fig. 6 , which is published as supporting information on the PNAS web site). Overall, these data suggest that SIRT1 is not required for catalysis of classical NHEJ, V(D)J recombination, or CSR; however, we cannot exclude subtle effects of SIRT1 deficiency on these processes or a role for SIRT1 in the regulation of these processes.
Increased p53 Acetylation in SIRT1-Deficient MEFs.
To further elucidate potential roles of SIRT1, we analyzed DNA damageinduced p53 acetylation and function in both SIRT1 ⌬ex4/⌬ex4 and SIRT1 ⌬/⌬ MEFs. SIRT1 ϩ/ϩ , SIRT1 ϩ/⌬ex4 , and SIRT1
⌬ex4/⌬ex4
MEFs were mock treated, incubated with adriamycin, or UV irradiated, and levels of acetylated K379 in p53 IPs was determined by using acetylation-specific antibodies (33, 34) . Both adriamycin-and UV-irradiation-induced p53 acetylation on K379 were significantly greater in SIRT1 ⌬ex4/⌬ex4 than in SIRT1 ϩ/ϩ and SIRT1 ϩ/⌬ex4 MEFs (Fig. 3A) . Total protein was approximately equal in all samples, as assessed by tubulin levels in the IP inputs (Fig. 3A) . Notably, acetylation of p53 on K317 and K370 after DNA damage also was greater in SIRT1 ⌬ex4/⌬ex4 , than in SIRT1 ϩ/ϩ and SIRT1 ϩ/⌬ex4 MEFs. Thus, SIRT1, directly or indirectly, regulates p53 acetylation, but is not specific to K379, as suggested (20) . Similar results were obtained for multiple independent MEF lines and differentiated SIRT1 ⌬ex4/⌬ex4 ES cells (data not shown). SIRT1 ⌬/⌬ MEFs also exhibited increased adriamycin-induced p53 acetylation, compared with SIRT1 ϩ/ϩ and SIRT1 ϩ/⌬ MEFs (Fig. 3C ). This effect was due to SIRT1 loss, because reconstitution with recombinant retroviral SIRT1, but not empty virus control, returned p53 acetylation to levels in WT MEFs (Fig. 3C) .
We next asked whether the p53 hyperacetylation in 
SIRT1
⌬ex4/⌬ex4 MEFs was accompanied by increased levels of p53 protein. Surprisingly, total p53 protein levels in the p53-IP were not increased, and in some cases, were decreased, in SIRT1 ⌬ex4/⌬ex4 , as compared with SIRT1 ϩ/ϩ and SIRT1
MEFs (Fig. 3A) . Whereas p53 acetylation can interfere with the efficiency of p53 IP (38), we also observed decreased total p53 protein levels in SIRT1 ⌬ex4/⌬ex4 cells when assayed through direct Western blots of whole-cell lysates (Fig. 3A, WB) . Notably, phosphorylation of p53 on Serine 18, which accompanies p53 activation, paralleled levels of total p53 in being lower in SIRT1 ⌬ex4/⌬ex4 , than in SIRT1 ϩ/ϩ and SIRT1 ϩ/⌬ex4 cells (Fig. 3A) . To maximize detection of acetylated p53, the above experiments were performed in the presence of the HDAC inhibitor TSA. In the absence of TSA, overall levels of detectable acetylated p53 after DNA damage were substantially diminished in MEFs of all genotypes. However, p53 was still clearly more acetylated in SIRT1 ⌬ex4/⌬ex4 , than in SIRT1 ϩ/ϩ and SIRT1
MEFs (Fig. 3B) , providing evidence that SIRT1 deacetylation of p53 is not fully redundant with HDAC-mediated p53 deacetylation.
Role of SIRT1 in p53-Dependent Cell-Cycle Arrest. Previous studies reported that p53 hyperacetylation in response to overexpression of a dominant-negative SIRT1 protein was accompanied by increased induction of the p53 response gene p21 (20, 21) . In contrast, we found that adriamycin-induced p21 protein levels were not higher in SIRT1 ⌬/⌬ and SIRT1 ⌬ex4/⌬ex4 MEFs than in the corresponding WT and heterozygous MEFs (Fig. 3C and data not shown). In addition, we did not observe substantial differences in UV or ionizing radiation (IR) sensitivity between mutant and WT lines (see Fig. 7 , which is published as supporting information on the PNAS web site).
Increased IR-Induced Apoptosis in SIRT1-Deficient Thymocytes. IRinduced apoptosis in CD4 ϩ CD8 ϩ mouse thymocytes, which comprise the majority of cells in the thymus, requires p53 (37, 39). Therefore, we asked whether this process was affected by SIRT1 deficiency. We first confirmed that SIRT1 is expressed at significant levels in purified CD4 ϩ and CD4 ϩ CD8 ϩ thymocytes, and that the SIRT1 ⌬ex4 mutant protein is expressed (at lower levels) in SIRT1 ⌬ex4/⌬ex4 thymocytes (Fig. 4A) . Percentages of CD4 ϩ , CD8 ϩ , and CD4 ϩ CD8 ϩ thymocytes were normal in SIRT1-deficient mice (Fig. 5) . However, after IR, levels of p53 acetylation were significantly higher in SIRT1 ⌬ex4/⌬ex4 , than in SIRT1 ϩ/ϩ thymocytes, whereas total p53 levels were approximately equal (Fig. 4B) . Furthermore, SIRT1 ⌬ex4/⌬ex4 thymocytes showed increased IR sensitivity, compared with SIRT1 ϩ/ϩ or SIRT1 ϩ/⌬ex4 thymocytes ( Fig. 4C ; P Ͻ 0.05 at all doses). As a control for p53 dependence, thymocytes from p53 Ϫ/Ϫ mice did not undergo significant IR-induced apoptosis under the same conditions (Fig. 4C) . Therefore, deacetylation of p53 by SIRT1 protein appears to contribute to the modulation of p53-dependent thymocyte apoptosis in response to IR.
Discussion
We have examined the effects of elimination of SIRT1 expression or expression, in place of SIRT1, of a mutant SIRT1 protein lacking critical catalytic residues on mouse development and p53 function. In all cases analyzed, we observed no significant differences in phenotype between the two different mutations. Whereas many of our observations confirm findings of previous overexpression or gene-targeted mutation studies, certain of our results significantly extend or differ from those of earlier reports. In particular, we find a specific, and not previously described, role for SIRT1 in several different developmental processes. In addition, we provide direct evidence that endogenous SIRT1 protein regulates p53 acetylation, and describe some unexpected effects of p53 hyperacetylation in the absence of SIRT1. Finally, we find that SIRT1 is expressed in adult tissues, where it could well be involved in p53 responses and other processes.
Developmental Defects in SIRT1-Deficient Mice. We have found that SIRT1 deficiency is associated with failure to thrive, abnormal retinal histology with rosette formation, sporadic exencephaly, and cardiac septal and valvular abnormalities. These phenotypes overlap with those of a previous SIRT1 mutational study (18) , but they also significantly differ in several respects. Thus, we did not observe the reported (18) lung or pancreatic defects in our lines of SIRT1-mutant or SIRT1-deficient mice. In this context, it is possible that the lung defects observed in the other study were secondary to undetected cardiac abnormalities. We further note that the cardiac defects, detected in our SIRT1-mutant mice, but not in the earlier study, could contribute to neonatal lethality.
Eye defects in postnatal SIRT1 mutant mice were also observed in an earlier study; however, these were concluded to be secondary to persistent eyelid closure, rather than to developmental defects (18) . In contrast, our data suggest SIRT1 functions in eye morphogenesis and retinal development, because defects were observed in embryos as early as E12.5. Moreover, the persistence of the optic fissure and disorganized retina morphogenesis are similar to the phenotype observed in mice with targeted deletion of the homeobox gene Vax2 (40) ; thus, it is conceivable that SIRT1 may deacetylate a factor that functions in this pathway. In addition, the SIRT1-deficient retinal phenotypes (decreased cellularity of multiple retinal layers and abnormal rosette-like structures) have been associated with abnormal proliferation during retinal cell differentiation (41) (42) (43) , and it is possible that SIRT1 modulates such pathways. Notably, SIRT1 was reported to interact with the transcriptional repressors Hes1 and Hey2 (44) . In this regard, mice lacking Hes1 exhibit exencephaly and retinal defects with rosette structures, whereas Hey2-deficient mice develop VSDs and show failure to thrive (41, (45) (46) (47) . The similarities between these phenotypes and those of our SIRT1-mutant mice raise the possibility that the retinal and cardiac defects observed might result from interference with the Hes1͞Hey2 pathways. Alternatively, the developmental abnormalities could reflect dysregulated p53 functions or defects in yet to be determined processes during development.
Functional Consequences of p53 Hyperacetylation in SIRT1-Deficient
Cells. We have demonstrated a physiologic role for SIRT1 in regulating p53 acetylation. Previous in vitro studies suggested that SIRT1 specifically deacetylates K382 of human p53 (20) , whereas our current studies provide evidence that multiple lysine residues of p53 are hyperacetylated in the absence of functional SIRT1. One interpretation of this observation is that SIRT1 substrate specificity is broader than previously presumed from in vitro deacetylation assays. Alternatively, SIRT1 loss might influence acetylation of some or all of these p53 residues indirectly. Acetylation of p53 is thought to augment its biologic activity (23, 24, 28) . We have found that p53 hyperacetylation after DNA damage is accompanied by a significant increase in p53-dependent apoptosis in SIRT1-deficient thymocytes, which was not necessarily expected, because a previous study (18) failed to detect SIRT1 protein in adult somatic tissues. However, we find that SIRT1 protein is detectable in most adult somatic tissues, including thymocytes. The differences in the two studies might be due to sensitivity of different anti-SIRT1 antibodies. Our observation that SIRT1 is expressed in adult somatic tissues is significant, because it leaves open the possibility that SIRT1 could subserve some of the highly anticipated functions for a mammalian Sir2 ortholog in modulating aging, genomic instability, or tumorigenesis.
In MEFs, activation of p53 by DNA damage leads to induction of the cell-cycle inhibitor p21 (48) (49) (50) . In SIRT1-deficient MEFs, however, p53 hyperacetylation after DNA damage was not accompanied by increased levels of p21 protein induction, or markedly increased sensitivity to DNA damage agents, which was in contrast to the findings of overexpression studies (20, 21) . We note, however, that we cannot exclude potential abnormalities in regulation of other p53 response genes in the SIRT1-deficient MEFs. With regard to activation of the p21 pathway, previous studies (51) have shown that acetylation of the p53-family member p73 is selectively coupled to proapoptotic versus cell-cycle arrest pathways, and it is conceivable that the same could be true for p53 acetylation. Alternatively, it is possible that, in addition to deacetylating p53, SIRT1 could regulate other The percent nonapoptotic cells in SIRT1 ϩ/ϩ , SIRT1 ϩ/⌬ex4 , SIRT1 ⌬ex4/⌬ex4 , and p53 Ϫ/Ϫ CD4 ϩ thymocytes after IR is shown.
pathways, which could counter p53 effects on p21 induction, either at the protein or RNA level. Thus, we cannot exclude that p53-dependent transactivation of the p21 promoter is abnormal in the absence of SIRT1, and that this abnormality is masked by other as-yet-uncharacterized effects of SIRT1 deficiency. Our observations also indicate that levels of total p53 after DNA damage are not greater in SIRT1-deficient cells than in WT cells. In the latter context, it is possible that net p53 activity in SIRT1-deficient cells correlates better with total p53 levels than acetylation levels. Regardless, our findings suggest that loss of SIRT1 differs from inhibition of HDAC1 activity, with the latter resulting in increased p53 stability (52) . We conclude that endogenous SIRT1 protein regulates p53 acetylation, and that p53 hyperacetylation can be uncoupled from p53 stabilization. In the latter context, p53 stability is modulated by diverse factors (23, 24) , and such factors could, themselves, be SIRT1 substrates.
